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Abstract: Herein we demonstrate that infection of mice with West Nile virus (WNV) 
EglOl provides protective immunity against lethal challenge with WNV NY99. Our data 
demonstrated that WNV EglOl is largely non- virulent in adult mice when compared to 
WNV NY99. By day 6 after infection, WNV-specific IgM and IgG antibodies, and 
neutralizing antibodies were detected in the serum of all WNV EglOl infected mice. 
Plaque reduction neutralization test data demonstrated that serum from WNV EglOl 
infected mice neutralized WNV EglOl and WNV NY99 strains with similar efficiency. 
Three weeks after infection, WNV EglOl immunized mice were challenged 
subcutaneously or intracranially with lethal dose of WNV NY99 and observed for 
additional three weeks. All the challenged mice were protected against disease and no 
morbidity and mortality was observed in any mice. In conclusion, our data for the first time 
demonstrate that infection of mice with WNV EglOl induced high titers of WNV specific 
IgM and IgG antibodies, and cross-reactive neutralizing antibodies, and the resulting 
immunity protected all immunized animals from both subcutaneous and intracranial 
challenge with WNV NY99. These observations suggest that WNV EglOl may be a 
suitable strain for the development of a vaccine in humans against virulent strains of WNV. 
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1. Introduction 

West Nile virus (WNV), an enveloped, single- stranded positive-sense, neurotropic flavivirus, is an 
important human pathogen that causes potentially lethal encephalitis [1]. WNV was originally isolated 
from a febrile patient in Uganda in 1937 [2]. Until 1999, WNV was geographically distributed in 
Africa, the Middle East, western and central Asia, India, and Europe, where it caused sporadic cases of 
febrile disease and occasional outbreaks of encephalitis in elderly people and in equines [3-5]. The 
unexpected emergence of WNV in the United States in 1999 was associated with the introduction of 
the NY99 strain, which is more virulent, and results in higher incidence of meningoencephalitis in 
humans as compared to the non- virulent strains such as WNV EglOl strain [5-8]. In the United States 
between 1999 and 2012, an estimated 3 million people were infected with WNV, resulting in over 
780,000 clinical cases, with 16,196 neuroinvasive cases and 1549 deaths [4,9]. Recent outbreaks of 
highly virulent WNV strains have also been reported in the Mediterranean basin, southern Europe and 
Russia [10-12]. Although the worldwide incidence of WNV infection is increasing, there is no specific 
treatment or vaccine available for use in humans. 

Protection against primary WNV infection or secondary challenge is linked to the induction of 
protective humoral and cellular immune responses. The induction of WNV-specific immunoglobulins 
(IgM and IgG) is essential for suppressing viremia and virus dissemination. It has been demonstrated 
that passive transfer of serum containing WNV-specific antibodies protects against virus dissemination 
into the central nervous system and prevents lethal encephalitis and death [13-16]. T cell-mediated 
immunity is essential for controlling WNV infection in the brain [17-19]. Therefore, an effective 
WNV vaccine should be able to mount both humoral and T cell responses and limit virus replication 
both in the periphery as well in the brain to achieve complete protection. Live-attenuated replicating 
vaccines are highly immunogenic and elicit robust adaptive immune responses [20,21]. However, the 
development of a live attenuated WNV vaccine, which may have a better capability to elicit balanced 
humoral and cell mediated immune responses, is hindered by the high virulence and pathogenicity of 
the WNV strains circulating in the United States. A formalin-inactivated WNV vaccine of moderate 
efficacy has been developed for equine immunization [22]. However, this vaccine is also generated 
from highly virulent NY99 strain of WNV and raises the safety concerns for immunization of humans, 
especially those at risk for severe disease such as the elderly and immunocompromised. An alternative 
to using virulent WNV NY99 strain is to develop a vaccine based using a naturally non- virulent strain, 
such as WNV EglOl [5,9]. 

EglOl strain of WNV is largely non-pathogenic and antigenically very closely related to the lethal 
WNV NY99 strain. WNV EglOl was isolated in 1950 from normal appearing children near Cairo, 
Egypt [23]. Seroprevalence among adults in the Nile Delta region has been demonstrated to be 61% to 
WNV EglOl with little or no evidence of disease [24]. WNV EglOl strain has 95.4% of nucleotide 
and 99.6% of amino acid identity to WNV NY99 strain [8,25]. Both the WNV NY99 and WNV EglOl 
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strains are classified in same genotypic lineage and belong to same clade la of the lineage 1 [8]. 
Lineage 1 strains are considered emerging and associated with outbreaks of neuroinvasive disease [8]. 
Therefore, WNV EglOl strain may be a suitable strain for the development of a vaccine in humans 
against the more virulent strains such as WNV NY99. Herein we demonstrate that infection of mice 
with WNV EglOl provides protective immunity against lethal challenge including intracranial 
inoculation of high dose of WNV NY99. WNV EglOl induces cross-reactive antibodies that neutralize 
the WNV NY99 strain with efficiency similar to that observed for neutralization of WNV EglOl. 

2. Materials and Methods 

2.1. Animals 

Eight-week old C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, 
USA). Animals were housed four per cage and allowed to eat and drink ad libitum. The animal suite 
was maintained at 72 °F, 45% humidity and on 12/12-light/dark cycles. Sawdust bedding was provided 
along with paper towels. Trained and certified personnel conducted all the animal experiments. This 
study was approved by the University of Hawaii Institutional Animal Care and Use Committee 
(IACUC), and was conducted in strict accordance with guidelines established by the National Institutes 
of Health and the University of Hawaii IACUC. 

2.2. WNV Infection Experiment 

Mice were inoculated via the footpad route with 1000 or 100 plaque forming units (PFU) of EglOl 
or NY99 strains of WNV or PBS (Mock) and the disease symptoms and mortality were observed for 
21 days as described previously [26-29]. Clinical symptoms were observed twice a day as described 
previously [26]. Mice that exhibited severe disease were euthanized using C02 to limit suffering. On 
specific days after infection, 100 |uL blood was collected from the tail vein, and serum was separated 
and frozen at -80 °C for further analysis. 

2.3. WNV Plaque Assay 

WNV titers in the serum were measured by plaque assay using Vero cells as described previously 
[26,30,31]. 

2.4. Measurement of WNV-Specific Antibodies 

The titers of WNV- specific IgM and IgG antibodies were measured in the serum of WNV EglOl 
infected mice using microsphere immunoassay (MIA) for WNV envelope E protein as described 
previously [26,32]. Briefly, serum samples (1:20 dilution) were incubated with the microspheres 
coupled with a recombinant WNV E antigen for 30 min followed by secondary goat anti-mouse IgM 
or IgG conjugated to red-phycoerythrin for 45 min. The fluorescence intensity of the microspheres was 
analyzed with a Luminex 100 instrument as described previously [32]. 
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2.5. Plaque Reduction Neutralization Test (PRNT) 

The titers of anti-WNV neutralizing antibodies were measured in the serum of WNV EglOl 
infected mice using PRNT assay as described previously [32]. Serum was diluted serially from 1:40 
to 1:5000 and PRNT was conducted by using EglOl and NY99 strains of WNV, as described 
previously [32]. The highest dilution of serum resulting in 80% reduction in the number of plaques 
compared to the growth of the virus control was determined as described previously [33]. 

2.6. Challenge Experiment 

Three-weeks after infection, PBS and WNV EglOl immunized mice were challenged 
subcutaneously or intracranially with 1000 PFU of WNV NY99 and the disease symptoms and 
mortality were observed for 21 days after challenge. On specific days after challenge, 100 |uL blood 
was collected from the tail vein, and serum was separated and frozen at -80 °C for further analysis. 

2. 7. Statistical Analysis 

Log-rank (Mantel-Cox) Test and Gehan-Breslow-Wilcoxon Test were used to analyze the survival 
data [34]. Mann- Whitney test and unpaired student t-test were used to calculate p values of difference 
between viral titers and antibodies responses, respectively [34]. Differences of p < 0.05 were 
considered significant. 

3. Results 

3.1. Virulence of WNV EglOl and WNVNY99 Strains in Eight-Week-Old C57BL/6J Mice 

Eight- week-old C57BL/6J mice were infected subcutaneously with 1000 or 100 PFU of WNV 
EglOl or WNV NY99 or PBS (Mock). PBS inoculated mice remained healthy throughout the 
observation period of 21 days. As expected, infection of mice with 1000 PFU of WNV NY99 was 
highly lethal and resulted in 94% mortality. In comparison, only 6% mortality was observed in mice 
infected with 1000 PFU of WNV EglOl (Figure 1A). Similarly, mice inoculated with 100 PFU of 
WNV NY99 exhibited high (60%) mortality, while no mortality was observed in mice infected with 
100 PFU of WNV EglOl (Figure 1A). Mortality rates were significantly high in WNV NY99 infected 
mice (both 1000 and 100 PFU, p < 0.0001) than WNV EglOl infected mice. All surviving animals 
were positive for anti-WNV IgG antibodies (data not shown). 

As depicted in Figure IB, all mice infected with both 1000 and 100 PFU of WNV NY99 
demonstrated clinical evidence of infection characterized by ruffled fur and hunchbacked posture, and 
severe neurological symptoms such as paresis, hind limb paralysis, tremors and ataxic gait. In 
comparison, only 25% of mice infected with 1000 PFU of WNV EglOl exhibited symptoms such as 
ruffled fur and hunchbacked posture and only one mouse demonstrated severe neurological symptoms. 
No clinical symptoms were observed in the mice infected with 100 PFU of WNV EglOl. 
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Figure 1. Survival analysis and clinical score of WNV EglOl and WNV NY99 infected 
mice. (A) Eight- week old C57BL/6J mice were inoculated subcutaneously with 1000 or 
100 PFU of WNV EglOl or WNV NY99. A group of mice were also inoculated with PBS 
(Mock). All mice were observed for 21 days. Data are combined of two independent 
studies (n = 16 per group). (B) Animals were monitored for clinical scores twice a day. The 
designation for the clinical scores is as follows: 1, ruffled fur/hunched back; 
2, paresis/difficulty walking; 3, paralysis; 4, moribund/euthanized; and 5, dead. Error bars 
represent SEM. *p < 0.001, ** p < 0.0001. 
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3.2. WNV Titers in the Serum of WNV EglOl and WNV NY99 Infected Mice 

The WNV replication kinetics in the serum of mice was measured by plaque assay. At day 3 after 
infection, WNV was detected in the serum of all the mice infected with 1000 and 100 PFU of WNV 
NY99 (Figure 2). Similarly, WNV was also detected in the serum of all the mice infected with 1000 
PFU of WNV EglOl. In comparison, only 62% of mice infected with 100 PFU of WNV EglOl had 
detectable viremia at day 3 after infection. At day 6 after infection, the virus was cleared from the 
periphery of all the WNV EglOl infected mice, however, it remained high in 50% of the WNV NY99 
infected mice (Figure 2). The virus titers were significantly higher in WNV NY99 infected mice when 
compared to WNV EglOl infected mice at both days 3 and 6 after infection. 



3.3. Induction of WNV-Specific Antibodies Responses in WNV EglOl Infected Mice 

The titers of WNV-specific IgM and IgG antibodies in the serum of EglOl infected mice were 
measured using MIA. Infection with both 1000 and 100 PFU of WNV EglOl elicited robust 
WNV-specific antibodies responses. Anti-WNV IgM first appeared at day 6, peaked at day 9 and then 
gradually decreased at days 16 and 21 after infection (Figure 3 A). Similarly, anti-WNV IgG first 
appeared at day 6 and gradually increased up to day 21 after infection (Figure 3B). Titers of both IgM 
and IgG antibodies were comparable in mice infected with 1000 and 100 PFU of WNV EglOl 
(Figure 3A,B). 
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Figure 2. Virus titers in the serum of WNV EglOl and WNV NY99 and infected mice. 
The kinetics of virus replication and levels of WNV were determined in the serum of the 
mice infected with (A) 1000 PFU, and (B) 100 PFU of WNV EglOl and WNV NY99 at 
indicated time-points by plaque assay. The data are expressed as PFU/mL of serum. Each 
data point represents an individual mouse, and data from two independent experiments are 
depicted (n = 8 mice per group). Data points below the horizontal dotted line are negative. 
The solid horizontal line signifies the median of eight mice per group. * p < 0.05. 
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Figure 3. WNV- specific IgM and IgG antibodies titers in the serum of WNV EglOl 
infected mice. Serum was collected from WNV EglOl infected mice at indicated time 
points and WNV-specific (A) IgM and (B) IgG responses were measured by MIA using 
WNV E antigen as described in materials and methods. Results are reported as median 
fluorescent intensity (MFI) per 100 microspheres. Data are expressed as MFI ±SEM and is 
representative of two independent experiments (n = 8-16 mice per group). Dotted line 
indicates the cutoff value. 
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3.4. WNV EglOl Infection Induces Cross-Reactive Antibodies that Neutralize the WNVNY99 Strain 

Serum from WNV EglOl infected mice was tested for neutralizing antibodies against WNV EglOl 
and WNV NY99 strains using PRNT assay. High titers of neutralizing antibodies to WNV EglOl and 
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WNV NY99 strains were detected in serum of WNV EglOl infected mice at days 6, 7, 9, 16 and 21 
after infection (Figure 4A,B). Serum from WNV EglOl infected mice neutralized WNV EglOl and 
WNV NY99 strains with similar efficiency. Moreover, titers of neutralizing antibodies were similar in 
mice infected with 1000 and 100 PFU of WNV EglOl (Figure 4A,B). 



Figure 4. Neutralizing antibodies titers in the serum of WNV EglOl infected mice. Serum 
collected from WNV EglOl infected mice at indicated time points was serially diluted 
from 1:40 to 1:5000 and PRNT was conducted against (A) WNV EglOl and (B) WNV 
NY99 viruses. Data are expressed as mean logio titer ±SEM and is representative of two 
independent experiments (n = 8-16 mice per group). 
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3.5. Protection of WNV EglOl Immunized Mice against Subcutaneous or Intracranial WNVNY99 
Challenge 

Three weeks after infection, PBS (Mock) and WNV EglOl immunized mice were challenged 
subcutaneously or intracranially with lethal dose (1000 PFU) of WNV NY99 and the disease 
symptoms and mortality were observed for 21 days. As expected, subcutaneous or intracranial 
challenge of PBS-infected mice resulted in 94% and 100% mortality, respectively (Table 1). In 
comparison, WNV EglOl immunized mice were completely protected against WNV disease after both 
subcutaneous and intracranial challenge of WNV NY99 and demonstrated no morbidity and mortality 
(Table 1). During the 21 days observation period after the challenge, none of WNV EglOl immunized 
mice displayed any signs of disease, such as immobility, ruffled fur, or anorexia, while all mice in the 
PBS-infected group demonstrated severe symptoms and succumbed to paralytic encephalitis between 8 
and 1 1 days after challenge (Table 1). 

We further determined the virus loads in WNV EglOl immunized mice at days 1, 3, 8, and 14 after 
subcutaneous challenge with WNV NY99. No virus was detected in the serum of any mice at days 1, 
3, 8 and 14 after challenge. 
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Table 1. Protection of immunized mice from lethal challenge with WNV NY99* 

Subcutaneous challenge with Intracranial challenge with 

WNV NY99 (1000 PFU) # WNV NY99 (1000 PFU) # 



% Morbidity % Mortality % Morbidity % Mortality 

Mouse group 

(sick/challenged) (dead/challenged) (sick/challenged) (dead/challenged) 

PBS 100(16/16) 94(15/16) 100 (16/16) 100 (16/16) 

WNV EglOl (1000 PFU) 0 (0/16) 0 (0/16) 0 (0/16) 0 (0/16) 

WNV EglOl (100 PFU) 0 (0/16) 0(0/16) 0 (0/16) 0 (0/16) 

* Mice were challenged three-weeks after immunization. # Mice were observed for 21 days after challenge. 

4. Discussion 

In this study, we demonstrated that immunization with the live and infectious WNV EglOl strain, 
which is non-virulent in adult mice, induces potent immune responses and completely protects mice 
against both subcutaneous and intracranial challenge with a lethal dose of highly virulent WNV NY99 
strain. Infection of mice with both 1000 and 100 PFU of WNV EglOl induced high titers of WNV 
specific IgM and IgG antibodies, and cross-reactive neutralizing antibodies, which were detectable as 
early as day 6 after infection and neutralized both WNV EglOl and WNV NY99 strains with similar 
efficiency. 

4.1. EglOl Strain Is Non-Pathogenic Compared to NY99 Strain of WNV 

Despite the high degree of homology between the two strains, it has been demonstrated that WNV 
EglOl is significantly less virulent in adult mice than the WNV NY99 by peripheral inoculation 
[25,35]. In Egypt, WNV EglOl is widespread and endemic in some areas. However, overt infection in 
humans is extremely rare and non- fatal, demonstrating natural attenuation of this strain in humans [24]. 
Similarly, our data also demonstrate that WNV EglOl is largely non-pathogenic in adult mice. We did 
not observe any morbidity and mortality in mice infected with 100 PFU of WNV EglOl. While similar 
dose of WNV NY99 resulted in high morbidity and mortality in mice. Moreover, 1000 PFU dose, 
which is almost 100% fatal in WNV NY99 infected mice, only resulted in 6% mortality in WNV 
EglOl infected mice. Low mortality in WNV EglOl infected mice was also associated with reduced 
WNV replication in the serum. The viremia in majority of EglOl infected mice was significantly lower 
and short-lived than in WNV NY99 infected mice. These data suggest that infection with WNV EglOl 
is associated with limited virus replication resulting in low pathogenicity. 

4.2. WNV EglOl Infection in Mice Induced Strong WNV-Specific Antibodies Responses 

The induction of high-titer WNV- specific and neutralizing antibodies after infection has been 
demonstrated as a primary mechanism of protection during secondary challenge [19,36]. Therefore, 
the development of a WNV-specific humoral immune response is an important criterion for the 
development of an effective vaccine. Following infection with WNV EglOl in mice, we observed high 
WNV-specific IgM, IgG and neutralizing antibodies titers. High titers of WNV-specific antibodies 
were developed as early as 6 days after infection and remained elevated for the entire duration of the 
study. Although, WNV EglOl is genetically and antigenically very closely related to the WNV NY99, 
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the neutralizing antibodies response to WNV EglOl and its cross-reactivity to WNV NY99 is not well 
documented [8,25]. In this study, we have demonstrated for the first time that WNV EglOl infected 
mice developed antibodies responses, which is cross-reactive and neutralized both strains with similar 
efficiency. Despite the differences in the survival and virus titers, mice infected with 1000 and 100 
PFU of WNV EglOl developed similar antibodies responses. 

4.3. WNV EglOl Immunized Mice Were Completely Protected against Pathogenic WNVNY99 

Previous studies have established that in vitro neutralization activity of anti-WNV antibodies 
correlates with in vivo protection [13,14]. Moreover, it has been demonstrated that passive immunization 
with neutralizing monoclonal antibodies provided protection against WNV challenge [13,14,16]. 
Similarly in our study, high cross-reactive neutralizing antibodies titers in WNV EglOl immunized 
mice provided complete protection against lethal challenge with WNV NY99. Mice immunized with 
both 1000 and 100 PFU of WNV EglOl demonstrated 100% protection after challenge with lethal 
dose of WNV NY99. Interestingly, we also observed complete protection after direct inoculation of 
WNV NY99 into the brain. It has been demonstrated that T cell mediated immunity is essential to clear 
WNV in the brain after primary infection [17-19]. In this study, we have not analyzed the cellular 
immune response to WNV EglOl infection. However, it has been demonstrated that a robust 
neutralizing antibodies response is sufficient to prevent lethal infection after both peripheral and 
intracranial challenge with WNV NY99 regardless of the presence of CD8 + T cells [19]. Therefore, 
protection against challenge in WNV EglOl immunized mice could be due to alone high antibodies 
responses or both antibodies and cellular responses. Moreover, our inability to detect virus in serum 
after challenge suggests the complete inhibition of virus replication mediated by high pre-exposure 
cross-neutralizing antibodies titers against WNV. 

5. Conclusions 

We demonstrate for the first time the cross protection to WNV NY99 after immunization with non- 
virulent WNV EglOl strain. Several classes of candidate WNV vaccines such as inactivated, subunit, 
chimeric and live-attenuated vaccines have been developed [19,36]. Although attenuated and 
inactivated WNV vaccines are currently in use for veterinary purpose, no vaccine is approved for 
human use [22]. Live-attenuated vaccines derived from attenuated strains such as Kunjin virus have 
been demonstrated to protect mice from lethal challenge with a virulent WNV strain [20,21,36]. Data 
presented in this study provides proof-of-concept for the use of WNV EglOl as an alternative to 
currently sought vaccine candidates for development of an attenuated WNV vaccine. However, 
additional studies are warranted to assess the role of cellular immunity in mediating protection and if 
attenuation of non- virulent WNV EglOl strain will also provide similar levels of protection against 
lethal challenge with virulent WNV strains. 
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